Abstract In the coastal areas of Japan, three species of greenling (Hexagrammos spp.) can hybridize. In a natural reef setting we showed that Hexagrammos agrammus and H. octogrammus established their breeding territories in a shallow area where seaweed was abundant, whereas H. otakii established breeding territories in a deep area that was sparsely covered with seaweed. This difference in habitat use resulted in H. otakii being distributed separately from the other two species, thereby reducing the potential for hybridization. However, all the three species cooccurred in an artificial area near a breakwater. This area is characterized by steep slopes and complex stacked concrete structures, which create a mosaic-habitat consisting of a shallow environment with seaweed and a deep environment with sparse seaweed, allowing the three species to breed within a single area. Our results suggest that manmade structures can create an artificial mosaic-habitat that can disrupt habitat isolation and promote hybridization between species.
Introduction
Habitat isolation is a reproductive isolating mechanism in which gene exchange among species is prevented because frequencies of heterospecific encounters are reduced due to differential mating habitats (Mayr 1963; Coyne and Orr 2004; Nosil et al. 2005) . This isolation can be disrupted by artificial alterations of habitat, which can promote hybridization between related species that are naturally isolated (Arnold 1997) . Anthropogenic increases of the hybridization rates among species can result in extinctions of many plant and animal populations (Levin et al. 1996; Rhymer and Simberloff 1996; Wolf et al. 2001; Seehausen et al. 2008) . Scribner et al. (2001) reviewed some general mechanisms that disrupt habitat isolation through habitat alteration by human activity. In case that two parental species show distinct habitat preferences in their reproductive sites, they hardly have chances to hybridize each other. However, when human activities remove one habitat that was preferred by one species, the species would be compelled to reproduce in a less favorable habitat that is preferred by the other species. Such habitat shift may lead to hybridization between species. This process called habitat loss (Scribner et al. 2001 ) has been reported in freshwater fishes (Eisenhour and Piller 1997) and in frogs (Lamb and Avise 1986; Schlefer et al. 1986) .
Hexagrammos fishes commonly occur in coastal waters of the North Pacific (Rutenberg 1970) . One boreal species H. octogrammus (masked greenling) and two temperate species H. otakii (fat greenling) and H. agrammus (spottybelly greenling) co-occur in the northern Japanese coastal areas of Tohoku and southern Hokkaido (Fig. 1a; Rutenberg 1970; Kanamoto 1976b; Amaoka 1984 ). H. agrammus and H. octogrammus inhabit shallow seaweed beds, while H. otakii inhabits comparatively deeper water (Gorbunova 1970; Kanamoto 1976a Kanamoto , 1976b . Because of such habitat differences, it was thought that habitat isolation would inhibit hybridization between H. otakii and two shallow-water species. However, frequent hybridization between H. otakii and either of the two shallow-water species have been reported (Munehara et al. 2000; Balanov et al. 2001; Crow et al. 2007 ). These studies suggest that the habitat isolation between H. otakii and the two shallow-water species may be disrupted at some spawning sites.
During the breeding season, males of Hexagrammos species establish breeding territories and multiple females visit males' territories for spawning Munehara 2001) . The three species utilize seaweeds (Oshima and Nakamura 1942; Yamamoto and Nishioka 1948) or sessile benthos such as bryozoans (M. R. Kimura, pers. obs.) as spawning substrates in male breeding territories. The biota of sessile organisms is generally different between shallow and deep water. If a steep slope of artificial breakwater approximates shallow and deep environments, a mosaic distribution of shallow and deep biota would be observed within a single area. As a result, the three species might establish their breeding territories close to each other in artificial breakwater area. In a previous study using an underwater video camera, females from shallow-water species were observed to spawn in the territories of the deepwater species that were established on concrete blocks along a breakwater (Munehara et al. 2000) . To explore the cause of hybridization, we hypothesize that construction of artificial structures such as breakwaters with steep slopes would produce a mosaic-habitat consisting of shallow and deep environments and increase the encounter rates between shallow and deep-water species. In such artificial areas, shallow and deep-water species may encounter each other more frequently than in natural reefs.
In this study, to test the hypothesis that artificial steep slopes cause a disruption of habitat isolation among the three Hexagrammos species, we examined (1) the distribution of the three Hexagrammos species in a natural reef and an artificial area (near a breakwater), (2) the differences in biota in breeding territories among the three species, and (3) the distribution of biota in a natural reef and an artificial area.
Materials and methods

Overview of research area
The study was conducted off the Usujiri Fisheries Station (41°57¢N, 140°58¢E), Field Science Center for Northern Biosphere, Hokkaido University, in southern Hokkaido, Japan, where all the three Hexagrammos species occur and breed (Fig. 1a) , from September to November in 2003. The station is located on the tip of a headland surrounded by a natural reef. West of the headland, there is a 500-m man-made breakwater. We established three research areas on the natural seafloor around the headland and one research area along the artificial breakwater (Fig. 1b) : Shallow Rocky Area (depth range = 1-9.5 m), Deep Rocky Area (depth Fig. 1 [19] [20] .5 m, a large number of concrete pipes are scattered on the sandy floor as a habitat for reef fish), and Breakwater Area (depth range = 0-9.5 m). Because the research areas contained heterogeneous seafloor structures, the areas were further divided into several habitat types according to depth and seafloor structure. The research areas on the natural seafloor (Shallow Rocky Area, Deep Rocky Area, and Deep Sandy Area) were divided into three habitat types: upper reef, inshore (depth <3 m) area with relatively flat rock shelf; lower reef, offshore rock shelf with moderate slopes; sandy floor, sandy or sparse boulder floor around the reef. The Breakwater Area was divided into two habitat types: concrete blocks (depth range = 0-8.5 m), and net base (depth range = 6.5-9.5 m). In a typical breakwater in Japanese coast, a concrete wall is constructed on a base, and outside of the wall, many concrete blocks are stacked on a base to reduce wave power (Takayama 2004) . In the artificial Breakwater Area in this study site, big nets containing stones were laid under the concrete blocks as a base.
Distribution of the Hexagrammos species in each research area
The distributions of the three Hexagrammos species were investigated by visual transects using SCUBA. In the Shallow Rocky Area and the Deep Rocky Area (each approximately 0.5 ha), transect lines (70 m) were set perpendicular to the isobaths. Hexagrammos species found within 1.5 m on both sides of the transect line were counted, and the depth and the habitat types (upper reef, lower reef, and sandy floor) were recorded to compare the distribution patterns of the three species. The census was conducted 22 times in the Shallow Rocky Area and 12 times in the Deep Rocky Area. Transect lines were randomly reset in each census. In the Breakwater Area, a 25 · 100 m census area was set. The census was conducted 13 times in the same manner as above.
During the breeding season, mature territorial males of Hexagrammos species demonstrate nuptial coloration variation including the following: the ventral and anal fins of H. agrammus and H. octogrammus males turn into black, and the bodies of H. otakii male turn into bright yellow (Munehara et al. 2000) . In each species, a territorial male guards eggs that are deposited in its territory (Munehara et al. 2000) . We distinguished territorial males from non-territorial individuals (mature females, sneaker males, and immature individuals) by their nuptial coloration and nest guarding behavior. Because breeding territories were not moved or abandoned throughout breeding season if once they were established, we identified territories that had been already counted with marking tapes and did not recount, but all non-territorial individuals that were observed during a census were counted at every census, because we could not know whether an individual had already been counted. In the Deep Sandy Area, only territorial males within a census area (approximately 0.5 ha) were counted and the position and depth were recorded on underwater map during 12 censuses.
We compared the average depth of the distributions of the three species using a Kruskal-Wallis test, and statistical significance (p < 0.05) was further examined by Steel-Dwass test. We tested whether the three species distribute randomly on each habitat type by extended Fisher's exact test using R for windows version 2.7.2.
Biota in the breeding territories and the research areas
To determine biota preferred by each Hexagrammos species as the breeding substrates, sessile organisms in the breeding territories were sampled with quadrats (25 · 25 cm) (territory sampling). Distributions of biota in each research area were also investigated with the same method (area sampling). All sessile organisms including both plants (seaweeds) and animals collected within each quadrat were identified and weighed after being wiped with paper.
Territory sampling: Quadrats were placed on the seafloor so that egg masses in breeding territories were located in the center of each quadrat. A total of 31 territories were examined: nine for H. agrammus (three in the Shallow Rocky Area and six in the Breakwater Area), six for H. octogrammus (all in the Shallow Rocky Area), and 16 for H. otakii (seven in the Deep Sandy Area and nine in the Breakwater Area) territories.
Area sampling: A total of 38 quadrats were placed on the seafloor at regular intervals. In the Shallow Rocky Area and the Deep Rocky Area, eight quadrats were set at 10-m intervals on the 70-m lines, which were set perpendicular to the isobaths from the shore to deep water in each research area. In the Deep Sandy Area, five quadrats were set on five randomly chosen concrete pipes. In the Breakwater Area, 17 quadrats were set at 2.5-m intervals on the two lines, which were set perpendicular to the breakwater from surface to the bottom. The habitat types (upper reef, lower reef, sandy floor, concrete blocks, and net base) within each quadrat were recorded.
To see differences in preferred biota as a territory sites among the three species and association with the distributions of biota in the research areas, cluster analysis was conducted using data for the 11 most abundant species in territory sampling (n = 31) and area sampling (n = 38). Similarities among quadrats were represented by the Euclidean distance, and a dendrogram was drawn using the unweighted cluster average strategy. The differences of biota among the territories of the three species and research areas were tested by extended Fisher's exact test with the number of quadrats classified into each cluster using R for Windows version 2.7.2.
Results
Distribution of the three Hexagrammos species in each research area
The distributions of H. agrammus and H. octogrammus overlapped but were segregated from that of H. otakii in the natural reef, while the distribution of the three species overlapped in the artificial Breakwater Area. This segregation in the natural reef and the overlapping in the Breakwater Area were observed in both non-territorial individuals (Fig. 2a) and territorial males (Fig. 2b) .
In the Shallow Rocky Area, 11 H. agrammus and 23 H. octogrammus non-territorial individuals were observed on the upper reef, and non-territorial individuals of three H. agrammus and one H. octogrammus were observed on the lower reef (Fig. 2a) . Non-territorial individuals of H. otakii (n = 12) were observed only on the sandy floor. In the Deep Rocky Area, only H. otakii (n = 33) occurred on the lower reef. Although there was no data about the distribution of non-territorial individuals in the Deep Sandy area in this study, no H. agrammus and H. octogrammus but H. otakii has been frequently collected around this area with gill net sampling in following research (T. Nakamura unpubl. data). In those natural reef research areas, the depth of the distributions of the two shallow-water species (H. agrammus and H. octogrammus) and the deep-water species (H. otakii) differed significantly and did not overlap (H. agrammus: range = 0.5-3.5 m, n = 14; H. octogrammus: range = 0.5-3.0 m, n = 24; H. otakii: range = 6.5-19.0 m, n = 45; Kruskal-Wallis test, p < 0.001, H. otakii v.s. the other two species were significantly different in Steel-Dwass test). The observed distribution pattern was significantly different from random distribution (Fisher's test, p < 0.001). In the Breakwater Area, 28 H. agrammus, one H. octogrammus and 21 H. otakii non-territorial individuals were observed on the concrete blocks, and ten H. agrammus and 21 H. otakii on the net base. In these artificial areas, the depth of the distributions of the three species did not differ significantly and largely overlapped (H. agrammus: range = 1.6-8.6 m, n = 38; H. octogrammus: 2.6 m, n = 1; H. otakii: range = 1.5-9.3 m, n = 42; KruskalWallis test, p = 0.115), although the observed distribution pattern was slightly different from random distribution (Fisher's test, p = 0.049). In the Shallow Rocky Area, territories of nine H. agrammus and six H. octogrammus were observed on the upper reef, and one H. agrammus and two H. octogrammus were found to have their territories on the lower reef (Fig. 2b) . No territories were found on the sandy floor in the Shallow Rocky Area and on any of the habitat types in the Deep Rocky Area. In the Deep Sandy Area, the territories of only H. otakii (n = 12) were observed. In those natural reef research areas, the depth of the territories of the shallow and deep-water species differed significantly and did not overlap (H. agrammus: range = 1.0-3.0 m, n = 10; H. octogrammus: range = 0.3-4.5 m, n = 8; H. otakii: range = 19.0-20.5 m, n = 12; Kruskal-Wallis test, p < 0.001, H. otakii v.s. the other two species were significantly different in Steel-Dwass test). The observed distribution pattern was significantly different from random distribution (Fisher's test, p < 0.001). In the Breakwater Area, the territories of 18 H. agrammus, one H. octogrammus, and six H. otakii were found on the concrete blocks, but only H. otakii males (n = 7) had territories on the net base. The depth of the territories of three species differed significantly also in this artificial area, but the range of depth overlapped largely (H. agrammus: range = 1.5-4.0 m, n = 18; H. octogrammus: 3.0 m, n = 1; H. otakii: range = 2.0-9.5 m, n = 13; KruskalWallis test, p = 0.002). The observed distribution pattern of the territories was significantly different from random distribution (Fisher's test, p = 0.001).
Biota in the breeding territories and in the research areas
In territory sampling (33 quadrats) and area sampling (38 quadrats), 53 species (44 plants and nine animals; Table 4 in Appendix) and 46 species (42 plants and four animals; Table 5 in Appendix) of sessile organisms were collected, respectively. The cluster analysis of the 69 quadrats classified the data into six groups (cluster I-VI; Table 1 ). Clusters I, II, and III were characterized by small red algae Gelidium elegans, Chondrus spp. and Tichocarpus crinitus, respectively. Cluster IV was characterized by the sea grass Phyllospadix iwatensis. Cluster V was characterized by bryozoans Phidolopora elongata and Microporina articulata. In cluster VI, neither seaweeds nor sessile benthos was found abundantly within the quadrats.
The biota collected in territory sampling significantly differed among the three Hexagrammos species (Table 2; Fisher's exact test, p < 0.001). All the quadrats in territories of H. agrammus were classified into cluster I where seaweed were abundant, and those of H. octogrammus were classified into clusters I, II, III, and IV, where seaweed and sea grass were abundant. The quadrats in territories of H. otakii were all classified into cluster V where bryozoans were abundant or cluster VI where few sessile organisms were found, except for one quadrat in the Breakwater Area that was classified into cluster II.
The biota collected in area sampling differed greatly among research areas and habitat types within a research area (Table 3; Fisher's exact test, p < 0.001). On the upper reef in the Shallow Rocky Area and the Deep Rocky Area, small red algae (clusters I-III) were abundant, while small amounts of seaweed (cluster VI) grew on the other habitat types. In the Deep Sandy Area, bryozoans (cluster V) were dominant. However, on the concrete blocks in the Breakwater Area, the biota comprised both small red algae (clusters I-III) 
Discussion
In this study, the distributions of the two shallow-water species H. agrammus and H. octogrammus and a deepwater species H. otakii were segregated in a natural reef. The biota in breeding territories distinctly differed between the two shallow-water species and the deep-water species. The shallow-water species H. agrammus and H. octogrammus established their breeding territories on areas covered with thick seaweed or sea grass, while the deep-water species H. otakii established its territory on areas covered with bryozoans. The habitat isolation among the three species might be retained by the differences in biota preferred by each species. In natural reefs, the biota of sessile organisms in shallow water and that in deep water were different. The different distribution of biota might lead the spatial isolation between the two shallow-water species (H. agrammus and H. octogrammus) and the deep-water species H. otakii in a natural reef. Spatial isolation caused by such differences of preferred habitat has been reported in many taxa: e.g., butterfly in open secondary forest and that in closed-canopy forest (Estrada and Jiggins 2002) , and rock and shell-bed dwelling cichlid fish (Takahashi et al. 2001) . In contrast, the two shallow-water species and the deep-water species were found to co-occur in the artificial Breakwater Area. The Breakwater Area contained a typical shallow water environment with thick seaweed as well as a typical deep water environment with sparse seaweed density. The coexistence of different biota in the Breakwater Area is thought to be generated by steep slopes and complex structure of the breakwater. Because abundance of seaweed is largely dependent on sunlight, some stacked concrete blocks were mostly covered with seaweed, and some were scarcely covered with seaweed when they were shaded by others. The big nets containing stones under the concrete blocks were also scarcely covered with seaweed. Thus, a steeply sloping breakwater with complex stacked concrete blocks approximate typical shallow-water and deep-water environments in closer proximity than in natural reefs and create a mosaic distribution of different environments that are usually far apart. Consequently, both H. agrammus and H. octogrammus, which prefer a thick seaweed environment, and H. otakii, which prefers a thin seaweed environment, might be able to find its most suitable spawning sites in this artificial area. This could explain the reason why all the three Hexagrammos The numbers of quadrats classified into each cluster are shown. The character and the representative sessile organisms of each cluster numbers are shown in Table 1 (see text also). For clarity, zeros are omitted The numbers of quadrats classified into each cluster are shown. The character and the representative sessile organisms of each cluster are shown in Table 1 (see text also). For clarity, zeros are omitted species co-occur and establish their territories in the artificial Breakwater Area. Such mosaic structures of habitat are frequently observed in natural hybrid zones. In ground crickets, Allonemobius socius live in a warm, moist, and heavily grazed habitat, while A. fasciatus live in a cool, dry, and lightly grazed habitat. Some pastures contain both habitats mosaically, and consequently, hybrid zones of the two species are formed in such pastures (Ross et al. 2008 ). Such mosaic hybrid zones which are structured by a patchwork of habitats which are preferred by different species are known in, for example, Bombina toads (Yanchukov et al. 2006) , Gryllus ground crickets (Ross and Harrison 2002) , Chorthippus grasshoppers (Bridle et al. 2001) , and Mytilus mussels (Bierne et al. 2003) . In the case of the three Hexagrammos species, we show that steep and complex breakwater structures may make an artificial mosaic hybrid zone containing two types of habitat in a single area, leading to a disruption of habitat isolation. Munehara et al. (2000) found a highly frequent crossbreeding rate (19 of 26 matings, 73%) between male of H. otakii and the other two species in the same area as the Breakwater Area in this study from observations for over 600 h with using an underwater video camera. In addition, Crow et al. (2007) reported that 25 (31%) of the 76 specimens randomly sampled off the Usujiri Fisheries Station (same area as this study) were hybrids or backcrosses using genetic markers. It is not known why hybridization and introgression of three Hexagrammos species occurs so frequently in Usujiri, but it is possible that artificially modified mosaic-habitat may play a role. There have been many examples showing that species that are naturally isolated hybridize only in artificial habitat (Arnold 1997) . In this study, we suggest that artificial mosaic-habitat provides a habitat for breeding between different species which would normally be segregated spatially.
The Hexagrammos generic species is one of the most popular fish which are distributed widely in a coastal area around the North Pacific (Rutenberg 1970; Amaoka 1984) . Coastal areas in Japan have often been altered by human activities during the construction of fishing ports and land reclamation. This study suggested that coastal fish fauna may be altered by artificial interference to isolation mechanism among closely related species.
See Tables 4 and 5 . 
